T he hippocampal mossy-fiber system is considered to be a major source of excitatory input to the CA3 area of the hippocampus. Histological examination has shown, however, that mossy fibers innervate many more inhibitory interneurons than CA3 pyramidal cells (1) , leading to pronounced feedforward inhibition (2) (3) (4) (5) . We have recently demonstrated that mossy-fiber feed-forward inhibition is imposed on the network at the level of the unitary circuit among a granule cell, its targeted CA3 pyramidal cells, and the intercalated inhibitory interneurons in the stratum lucidum (6) . In the present work we examine the effects of short-term plasticity on the net output of mossy-fiber circuits. Short-term and long-term plasticity have been well characterized at the excitatory synapses from mossy fibers to CA3 pyramidal cells and at the synapses to the stratum lucidum interneurons mediating feed-forward inhibition (5, (7) (8) (9) (10) (11) (12) . However, because granule cells exhibit divergent connectivity to principal cells and inhibitory interneurons (13) , it is of interest to examine the potential functional consequences of differential changes in gain at excitatory versus inhibitory mossyfiber synapses, which may confer unforeseen properties on the network.
In prior investigations of the mossy-fiber pathway, extracellular stimulation protocols were used that activate numerous neighboring granule cells simultaneously. Computational analysis, however, indicates that this experimental condition is unphysiological because a CA3 pyramidal cell does not receive excitatory input from Ͼ1 of the Ϸ50 connected granule cells at any given time (14) . Minimal stimulation protocols partially circumvent these problems, but this method suffers from the drawback that the number of stimulated mossy fibers cannot be determined unequivocally, and potentially important subsets of physiological inputs with higher thresholds may be excluded. Furthermore, to facilitate the induction of plasticity, responses were often examined under conditions of inhibitory blockade, which will obscure the role of feed-forward inhibition. To analyze synaptic mechanisms precisely, we have therefore recorded from functionally coupled pairs of neurons, which ensures that only one mossy fiber is stimulated, thereby avoiding potential complications in the interpretation of data arising from synaptic cooperativity and pooling of neurotransmitter.
Granule cells in vivo typically fire at frequencies Ͻ0.5 Hz except when the animal enters the cell's place field, in which case intermittent bursts at Ϸ40 Hz occur (15) . An important goal of this work was therefore to examine how, in the absence of pharmacological intervention, short bursts of action potentials (APs) evoked in a single granule cell modulate the output of a unitary mossy-fiber circuit as determined by recording from a targeted CA3 pyramidal cell. Previous studies have shown high frequency firing to be necessary for mossy-fiber transmission (6, 16, 17) . Here, we focused on the period immediately after brief bursting in a single granule cell and observed a transient but significant facilitation of network inhibition.
Results
We characterized short-term facilitation of synaptic transmission in the hippocampal mossy-fiber unitary circuit, which we define as the excitatory connection between a granule cell and a CA3 pyramidal cell in association with the inhibitory feed-forward interneurons targeting that same CA3 pyramidal cell. Because it is presently not possible to obtain patch-clamp recordings from synaptically coupled pairs of granule cells and CA3 pyramidal cells in vivo or in acute slices, we used entorhinal-hippocampal slice cultures. Although some modification of circuits occurs in slice cultures primarily in the CA1 area, the connectivity of granule cells and the number of mossy-fiber contacts in the CA3 area have previously been shown to match closely with the morphological characteristics observed in vivo (6, 18) .
To find synaptically coupled cell pairs, single APs were induced at 1 Hz because lower frequencies are associated with a high failure rate (6) . Evoked unitary responses in CA3 pyramidal cells consist of a brief inward current followed by a prolonged outward current ( Fig. 1 A and B) . On the basis of previously described criteria (6) , it is clear that the inward current represents a monosynaptic excitatory connection, whereas the outward current results from disynaptic feedforward inhibition mediated by stratum lucidum interneurons. Thus, addition of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline (NBQX; 10 M) abolished both inward and outward currents (n ϭ 4; data not shown and ref. 6 ).
Once paired recording was established, the frequency of AP induction in the granule cell was reduced to 0.1 Hz, corresponding to in vivo resting rates (15) , which resulted in a synaptic failure rate of 0.98 Ϯ 0.01 (n ϭ 7) (Fig. 1C) . If the granule cell was induced to fire three 2.5-s bursts of APs at 40 Hz at 10-s intervals, single APs at 0.1 Hz now reliably evoked responses for 14.2 min (Fig. 1 B-D) . Quantification of the biphasic responses yielded a net peak charge transfer of 5.93 Ϯ 1.39 pC (n ϭ 7). Especially striking was the marked decrease in synaptic failures (Fig. 1C) . In general, failures covaried [supporting information (SI) Fig. 4 ], but in 39 of 840 responses (4.6%), failures were observed in the excitatory or the inhibitory component (n ϭ 7). Moreover, both inward as well as the outward currents were facilitated (Fig. 1D) .
If a granule cell was stimulated to fire the same number of APs but distributed over three trains at 10 Hz, frequency facilitation subsided in Ͻ10 s, and thereafter unitary responses were rarely evoked (failure rate: before bursts, 0.99 Ϯ 0.01; after bursts, 0.96 Ϯ 0.02; P ϭ 0.24; Fig. 1 E and F) . However, a single 2.5-s burst at 40 Hz in the granule cell was sufficient to facilitate synaptic transmission transiently (0.97 Ϯ 0.52 pC; n ϭ 6). (Fig.  1 G and H) . When an intermediate frequency of 20 Hz was used, the peak charge transfer after three trains was 1.28 Ϯ 0.22 pC (n ϭ 3; data not shown).
To determine which synapses of the mossy-fiber circuit are involved in short-term facilitation of transmission, we examined separately the effect of burst firing at each synapse in the circuit. We first studied the excitatory monosynaptic connection between granule cells and CA3 pyramidal cells under conditions where inhibitory postsynaptic currents (IPSCs) were suppressed (see Experimental Procedures). The kinetics for monosynaptic excitatory postsynaptic currents (EPSCs) ( Fig. 2A and ref. 6) were: peak conductance, 2.3 Ϯ 0.3 nS; 20-80% rise time, 1.6 Ϯ 0.2 ms; and decay time constant, 12.8 Ϯ 1.1 ms (n ϭ 7). Transmission at this synapse was not effective when the granule cell was made to fire at a rate of 0.1 Hz (Fig. 2 A) . After the granule cell burst protocol (3 ϫ 40 Hz for 2.5 s), single APs induced at 0.1 Hz in the granule cell evoked EPSCs faithfully, and unitary charge transfer increased transiently (peak, Ϫ1.73 Ϯ 0.61 pC; n ϭ 6) and then gradually decreased to 0 within 15 min (Fig. 2 A) . Similar properties were observed at the mossy-fiber synapse onto stratum lucidum inhibitory interneurons in which transmission was also ineffective at low frequency (0.1 Hz). Again, the reliability of unitary synaptic transmission was increased after three 40-Hz bursts of the granule cell, and the unitary charge transfer was increased (peak, Ϫ0.80 Ϯ 0.28 pC; n ϭ 10; Fig. 2B ). In contrast to the synapses from mossy fibers to CA3 pyramidal cells or to interneurons, the synapse from stratum lucidum interneurons to CA3 pyramidal cells effectively transmitted unitary GABAergic outward currents at a frequency of 0.1 Hz (Fig. 2C) . Moreover, neither failure rate (before bursts, 0.056 Ϯ 0.015; after bursts, 0.039 Ϯ 0.013; P ϭ 0.40) nor charge transfer (before bursts, 0.36 Ϯ 0.01 pC; after bursts, 0.35 Ϯ 0.01 pC; P ϭ 0.53) was significantly changed after interneuron bursting (3 ϫ 40 Hz for 2.5 s). The kinetics for the IPSCs were: peak conductance, 1.9 Ϯ 0.4 nS; 20-80% rise time, 2.2 Ϯ 0.5 ms; and decay time constant, 13.7 Ϯ 3.4 ms (n ϭ 5). Although IPSCs were depressed after bursting (6), this effect recovered within seconds and was therefore not apparent at a discharge frequency of 0.1 Hz. The prominent facilitation of outward current observed after granule cell bursting (Fig. 1B) implies that the mossy-fiber synapse mediates suprathreshold or spike-to-spike transmission at interneurons targeting the CA3 pyramidal cell, as reported previously (6, 17, 19, 20) . To test whether this property is modified by granule cell bursting, the reliability of spike-to-spike transmission was monitored in granule cell-interneuron pairs in which synaptically evoked APs were recorded from stratum lucidum interneurons in the loose cell-attached mode. Indeed, mossy-fiber APs induced at 0.1 Hz consistently evoked APs in the interneurons for 9.2 min after bursting of granule cells (3 ϫ 40 Hz; n ϭ 7; SI Fig. 5 ).
Feed-forward inhibition can play a role in limiting the time window for synaptic integration (21) , or it might serve to enhance signaling to a target cell through a mechanism involving lateral inhibition (5) . If mossy-fiber activation would result in pronounced surround inhibition, disynaptic lateral inhibition in the neighboring cells should be more pronounced than feedforward inhibition onto the monosynaptically targeted CA3 pyramidal cell. To examine this issue, we compared the inhibitory component of responses in CA3 pyramidal cells with a monosynaptic mossy-fiber connection (Fig. 3A) versus responses in neighboring cells exhibiting only a disynaptic inhibitory component. In five cases, we found granule cell-CA3 pyramidal cell pairs in which a presynaptic AP evoked only an inhibitory postsynaptic response, indicating that the two cells were coupled by intercalated inhibitory interneurons and not by a monosynaptic excitatory connection (Fig. 3B) . These responses were blocked completely by 10 M NBQX, consistent with disynaptic feed-forward inhibition (data not shown). Lowering the frequency of granule cell APs from 1 Hz to 0.1 Hz resulted in the failure of evoked responses in the CA3 pyramidal cell (Fig. 3B) . After granule cell bursting, the success rate for evoking disynaptic inhibitory responses was increased. Furthermore, the outward charge transfer attained a peak of 3.05 Ϯ 0.17 pC (n ϭ 5; Fig. 3B ). Thus, synaptic charge transfer in cell pairs not monosynaptically coupled was somewhat lower than in monosynaptically coupled pairs (5.93 Ϯ 1.39 pC, n ϭ 7, P ϭ 0.12; Fig. 3A) , suggesting that any signal enhancement occurring at a targeted CA3 cell by mossy-fiber-mediated lateral inhibition will be offset by the powerful feed-forward inhibition. It should be noted that in the monosynaptically coupled pairs, the value of 5.93 pC is an underestimation of inhibition because of the temporal overlap with the preceding excitatory component (Ϫ1.73 Ϯ 0.61 pC, n ϭ 6).
Stratum lucidum interneurons exhibit extensively ramifying axonal arbors targeting CA3 pyramidal cells (22) (23) (24) (25) . On the basis of this axonal divergence, we predicted that after granule cell bursting one should recruit disynaptic feed-forward inhibitory responses in a proportion of previously silent granule cell-CA3 pyramidal cell pairs. To test this hypothesis, we recorded randomly from granule cell-CA3 pyramidal cell pairs. Consistent with an estimated probability of connectivity of 0.0046% (26), synaptic transmission was not observed in the 14 pairs tested. However, after granule cell bursting (3 ϫ 40 Hz for 2.5 s), disynaptic inhibition in the absence of synaptic excitation was observed in 6 of the 14 cell pairs (43%; Fig. 3C ). After granule cell bursting, outward charge transfer reached a peak of 0.75 Ϯ 0.54 pC (P ϭ 0.01), and disynaptic inhibitory responses were observed for 8.5 min (n ϭ 5; Fig. 3C ). In this case, charge transfer was lower (Fig. 3C ) than in those pairs exhibiting a disynaptic inhibitory response from the outset (Fig. 3B) , suggesting that even fewer interneurons were targeting the CA3 pyramidal cell.
Discussion
Our results demonstrate that brief bursting in just one granule cell subsequently induces a profound increase in network inhibition that can last for minutes, even though the immediately preceding mossy-fiber excitatory response is also facilitated (5, 8, 11) . This finding can be explained by the Ϸ10-fold greater targeting by mossy fibers of inhibitory interneurons than CA3 pyramidal cells (1) and by the spike-to-spike transmission observed even at low discharge frequencies between granule cells and interneurons (6, 17, 19, 20) . A transient increase in disynaptic inhibition after granule cell bursting appears also to occur in behaving animals as evidenced by the phenomenon of dentate spikes, which are observed during immobility, consummatory behavior, and slow-wave sleep (27, 28) . This hippocampal response is characterized by synchronous activity within the dentate region, leading to a marked suppression of activity in CA1 and CA3 pyramidal cells.
A second finding from our study was that the interneurons receiving input from a given granule cell focus their output strongly onto the CA3 pyramidal cells innervated by that same granule cell, with inhibitory drive falling off progressively for CA3 pyramidal cells synaptically distant from the targeted cell (Fig. 3) . Feed-forward inhibition to those CA3 pyramidal cells that were targeted by the bursting granule cell thus is greater than lateral inhibition onto neighboring cells. This observation suggests that lateral inhibition in the mossy-fiber pathway, which would emphasize monosynaptic excitation by selectively depressing activity in surrounding cells, is offset by the powerful feed-forward inhibition onto the target cell.
Previously we demonstrated that with increasing firing rates of a single granule cell, intrinsic synaptic mechanisms induce an immediate switching from predominantly inhibition to predominantly excitation of targeted CA3 pyramidal cells (6) . Here, we find that bursting by a granule cell, which briefly excites CA3 pyramidal cells (6, 16, 17) , subsequently triggers a form of short-term plasticity resulting in enhanced inhibitory drive, such that activity in a previously bursting granule cell will depress CA3 pyramidal cells within the sphere of the facilitated network of interneurons. Taken together, these findings suggest that mossy-fiber input to the CA3 pyramidal cells functions in three distinct modes: (i) a resting mode, in which synaptic transmission is ineffectual because of high failure rates; (ii) a bursting mode, corresponding, e.g., to the presence of an animal within the cell's place field, in which excitation is successfully transmitted to targeted pyramidal cells; and (iii) a postbursting mode immediately thereafter, in which inhibition to CA3 pyramidal cells is greatly enhanced.
In our experiments we observed increased inhibitory drive that lasted up to 15 min after three trains of 100 APs at 40 Hz (Fig. 1C) . This type of stimulation protocol consisting of repetitive tetanic trains is commonly used to induce synaptic plasticity even though sustained place field activity of granule cells in vivo is of much shorter duration (15) . It is nonetheless useful to drive a system toward its maximum to facilitate analysis of synaptic mechanisms. However, we also examined the effects of a single 40-Hz train of 2.5-s duration containing 100 APs, which is comparable in terms of mean frequency to the physiological activity recorded from a granule cell when an animal is moving through the cell's place field [e.g., 46 spikes during 1.8 s ( figure  5A in ref. 17)] . After a single 40-Hz burst, peak inhibition was observed for Ϸ2 min and then gradually diminished to control levels within 7 min (Fig. 1 G and H) .
Measurement of charge transfer at the synapses in the mossyfiber circuit permits us to estimate the number of inhibitory interneurons that can be recruited after granule cell bursting. The unitary outward charge transfer at interneuron-pyramidal cell synapses, which does not vary after interneuron bursting, is 0.35 pC (Fig. 2C) . The peak inhibitory charge transfer after granule cell bursting was 5.93 pC outward for disynaptic feedforward inhibition associated with monosynaptic excitatory transmission (Fig. 3A) , 3.05 pC for disynaptic inhibition without a monosynaptic excitatory connection (Fig. 3B) , and 0.75 pC when disynaptic inhibition was revealed only after granule cell bursting (Fig. 3C ). These numbers indicate that the CA3 pyramidal cell received input from at least 17, 9, and 3 interneurons, respectively, in response to a single AP in the granule cell. Feed-forward inhibition will occur in only Ϸ12 monosynaptically connected CA3 pyramidal cells (1, 6) (SI Fig. 6 ) of an estimated total of 5,000 CA3 pyramidal cells in a slice culture, or 0.24%, whereas 43% of CA3 pyramidal cells (Fig. 3C ) received lateral inhibition. However, even though lateral inhibition is more prevalent spatially in the mossy-fiber circuit, feed-forward inhibition is greater in magnitude.
The stratum lucidum interneurons from which we recorded were generally aspiny with a bipolar dendritic arborization extending into the stratum radiatum and stratum oriens (6) . These interneurons correspond closely to the previously characterized mossy-fiber-associated interneurons in stratum lucidum, whose massively branching axons innervate several hundred CA3 pyramidal cells (24) , explaining our finding that disynaptic inhibition was observed even in granule cell-CA3 pyramidal cell pairs lacking a monosynaptic connection. Mossyfiber arborization in slice cultures is similar to that reported in vivo with comparable numbers of excitatory large mossy-fiber boutons, filopodial extensions, and en passant varicosities (6, 18) , undergoing similar activity-dependent changes in connectivity (29) .
Postburst recruitment of inhibitory interneurons may be of importance in a variety of physiological processes. A major function of feed-forward inhibition is to impose a time window for coincidence detection in postsynaptic cells (30) . However, the comparatively long duration of enhanced net inhibitory transmission observed after a granule cell burst implies additional roles, for example, in the heterosynaptic plasticity between CA3 pyramidal cells (31) . If mossy-fiber input is considered to provide the depolarizing signal that permits NMDA receptor-dependent associative long-term potentiation (LTP) within the CA3 recurrent network (31) (32) (33) (34) (35) , a mechanism to suppress CA3 input transiently is necessary to stabilize LTP. Otherwise, the initial expression of LTP between CA3 pyramidal cells, which depends on the insertion of new AMPA receptors into the synapse, would be disturbed. This process of LTP-dependent AMPA receptor trafficking takes between 20 and 40 s (36) (37) (38) . Accordingly, continued stimulation after LTP induction prevents synaptic potentiation, as shown in vitro (39) and in vivo (40) . We thus propose that transient curtailment of excitatory input to a CA3 pyramidal cell, which was depolarized by a mossy fiber to allow LTP at synapses with its neighboring CA3 cells, may represent a mechanism to protect synapses undergoing potentiation from disruptive input. Periods of increased inhibitory drive to the CA3 network may also be involved in modulating interactions between the entorhinal cortex and each of the hippocampal subfields. Recent studies have established that the entorhinal cortex generates the primary representation of space (41) , whereas the CA1 and the CA3 regions integrate entorhinal input with distinct contextual features (42, 43) . Thus, for certain behavioral and memory functions, the entorhinal cortex communicates selectively with the CA1 area to the exclusion of CA3 (33, (44) (45) (46) . In such cases, a temporary disconnection of the sequential trisynaptic circuit from entorhinal cortex to granule cells, CA3, and CA1 pyramidal cells would be required. Extensive postburst enhancement of feed-forward inhibition to the CA3 network, possibly through the generation of dentate spikes, may serve as the mechanism to interrupt CA3 to CA1 transmission during periods of entorhinal excitation of the CA1 area.
Experimental Procedures
Slice Culture Preparation. All experiments were carried out on slice cultures prepared from 6-day-old Wistar rat pups killed by decapitation following a protocol approved by the Veterinary Department of the Canton of Zurich. Hippocampal slices including the entorhinal cortex were sectioned at 400 m, attached to glass coverslips with clotted chicken plasma, placed in sealed test tubes with serum-containing medium, and kept in a rollerdrum incubator at 36°C for 21-28 days (47). For loose cell-attached patch recordings, pipettes were filled with external solution. In some experiments, IPSCs were suppressed by an intracellular solution with fluoride as the major anion and to which the GABA A receptor antagonist picrotoxin was added, and by adjusting the equilibrium potential for chloride to correspond to the holding potential of Ϫ70 mV. Membrane potentials were corrected for junction potentials. Presynaptic APs were evoked by injecting depolarizing current (1 ms, 1.5-2 nA) at 0.1 Hz unless otherwise mentioned. To facilitate the search for a synaptically coupled cell pair, we first obtained a stable recording from a postsynaptic CA3 pyramidal cell and then systematically scanned the dentate gyrus with a potassium puff electrode (140 mM K ϩ ) to induce localized activation of a small number of granule cells. This method of identifying areas with presynaptically connected cells (potassium puff search) yielded a success rate of Ϸ10%. A functional connection was confirmed initially by evoking synaptic responses at 1 Hz in the postsynaptic cell held at Ϫ70 mV. Series resistance (5-15 M⍀) was monitored regularly, and cells were excluded if a change of Ͼ20% occurred.
Drugs and Chemicals. NBQX was purchased from Tocris Cookson (Bristol, U.K.). ATP, CrP, EGTA, GTP, and picrotoxin were from Sigma (St. Louis, MO)/Fluka (Buchs, Switzerland).
Data Acquisition and Analysis. Signals were filtered at 5 or 10 kHz, digitally recorded with CLAMPEX 7 software (Axon Instruments), and stored on hard disk for later analysis. Amplitude, latency, and kinetics were determined by using a standard protocol (48) . Charge transfer was calculated by integrating postsynaptic currents for 45 ms after each AP. Net charge transfer for EPSC/IPSC sequences was measured by subtracting the charge produced by inward currents from that carried by outward currents. Failure rate was plotted as the ratio of the number of the neurons without a unitary response to the total number of neurons studied. The duration of facilitated transmission was taken as the time until the failure rate of the cell pair again exceeded 0.8. Numerical data are expressed as means Ϯ SEM. Student's t test was used to compare values when appropriate.
